we introduced a monkey model for human frontal midline theta oscillations as a possible neural correlate of attention. It was based on homologous theta oscillations found in the monkey's prefrontal and anterior cingulate cortices (areas 9 and 32) in a self-initiated handmovement task. However, it has not been confirmed whether theta activity in the monkey model consistently appears in other situations demanding attention. Here, we examined the detailed properties of theta oscillations in four variations of forewarned reaction time tasks with warning (S1) and imperative (S2) stimuli. We characterized the theta oscillations generated exclusively in areas 9 and 32, as follows: 1) in the S1-S2 interval where movement preparation and reward expectation were presumably involved, the theta power was higher than in the pre-S1 period; 2) in the no-go trials of go/no-go tasks instructed by S1, the theta power in the S1-S2 interval was lower than in the pre-S1 period in an asymmetrical reward condition, whereas it was moderately higher in a symmetrical condition; 3) the theta power after reward delivery was higher than in the unrewarded trials; 4) the theta power in the pre-S1 period was higher than in the resting condition; and 5) when the monkey had to guess the S1-S2 duration internally without seeing S2, the theta power in the pre-S1 period was higher than in the original S1-S2 experiment. These findings suggest that attentional loads associated with different causes can induce the same theta activity, thereby supporting the consistency of attentiondependent theta oscillations in our model.
I N T R O D U C T I O N
It has been established that oscillatory neural activities in the theta-frequency range (4 -7 Hz) around the human anterior cingulate cortex and frontal cortex, namely frontal midline theta (Fm theta) oscillations, are involved in attentional processes (Inanaga 1998; Ishihara and Yoshii 1972; Ishii et al. 1999; Sasaki et al. 1996a) . Fm theta oscillations can be observed in various kinds of situations demanding attention, including mental calculation, working memory tasks, visuospatial tasks, verbal tasks, musical imagination, video games, and meditation (for review, see Mitchell et al. 2008) . There is evidence suggesting that Fm theta oscillations are correlated with theta oscillations in the temporal or posterior regions in certain conditions (Moore et al. 2006; Sarnthein et al. 1998; Sauseng et al. 2004 Sauseng et al. -2006 Weiss et al. 2000) . Because coupling of neural activities in the theta-frequency range has been reported between the rodent's medial frontal cortex and hippocampus (Hyman et al. 2005; Jones and Wilson 2005a,b; Siapas et al. 2005; Young and McNaughton 2009) , it is an intriguing question whether Fm theta oscillations are related to theta oscillations in the human hippocampus. However, the physiological basis of Fm theta oscillations is still unclear because of the difficulties of invasive study in the human. To enable animal experimentation of Fm theta oscillations, we introduced a monkey model, in which theta oscillations in the prefrontal and cingulate cortices (areas 9 and 32) could be considered to be the counterpart of human Fm theta oscillations (Tsujimoto et al. 2006) . This model was based on the observation that theta activity was characteristically modulated in the course of a self-initiated hand-movement task. This theta activity was believed to correspond to human Fm theta oscillations because of the homology found in the source localization, frequency, and dependency on attentional processes. However, attention is a complex phenomenon, involving many different functions that are dependent on the cause of the attentional loads. It is still possible that attention associated with different causes results in different neural activity in the monkey. Thus it remains to be confirmed whether attentional loads resulting from dissociable causes consistently induce the same theta activity in the model.
Here, we assess the consistency of the monkey model in forewarned reaction time tasks, in which a warning stimulus (S1) is followed by an imperative stimulus (S2) that cues a reaction time response. It is generally accepted that the paradigm of forewarned reaction time tasks includes attention demanding processes such as the anticipation of forthcoming events and the preparation for action during the delay period between S1 and S2 (Brunia and van Boxtel 2001) . The paradigm evokes the contingent negative variation (CNV), the slow surface negative cortical potential that may be related to these attentional processes (Birbaumer et al. 1990; Tecce 1972) , both in the human (Walter et al. 1964) and in the monkey Sasaki et al. 1990) , and induces Fm theta oscillations in the human (Sasaki et al. 1996b) in the S1-S2 interval. Because of these proven effects in humans, we selected the paradigm as a benchmark for the monkey model. Although we reported that theta oscillations were recorded in the monkey's prefrontal and cingulate cortices in the same paradigm (Tsujimoto et al. 2003) , it was unclear whether this theta activity was related to attention or to other specific factors such as move-ment preparation or reward expectation, because the behavioral task was not designed to dissociate these factors.
In this study, we used four variations of this paradigm to dissociate several attentional factors in the paradigm, extending the previous experimental design (Tsujimoto et al. 2003) : 1) a simple S1-S2 task that was the same task as in the previous study and presumably included movement preparation and reward anticipation in the S1-S2 interval, 2) a go/no-go task instructed by S1 with asymmetrical reward, in which the no-go trials did not include either movement preparation or reward anticipation, 3) a go/no-go task with symmetrical reward, in which the no-go trials did not include movement preparation but included reward anticipation, and 4) a time-estimation task to move without seeing S2, which required a higher level of readiness for the task in the pre-S1 period than the other variations. When the monkey is ready for tasks and waiting for S1, such readiness probably preloads attentional processes before seeing S1 compared with the resting state. Attentional processes are also loaded by anticipatory and preparatory processes for movement and reward and the assessment of the result after the reward delivery. It was expected that the theta oscillations would be induced by the attentional load, irrespective of the cause of the attentional load if they were dependent on attentional processes in a similar manner to human Fm theta oscillations. Recording cortical field potentials using electrodes implanted in various cortical areas, we examined the properties of the theta activity, including the modulations by the tasks, the cortical distribution of the current sources, the frequency, the intercortical coupling, and the phase relations to the external events. Thereafter, we evaluated the consistency of the model for Fm theta oscillations.
M E T H O D S

Subjects
This study was conducted on two adult Japanese monkeys (Macaca fuscata; 4 -6 kg, female) as an extension to the previously reported experiment using a simple S1-S2 movement task (Tsujimoto et al. 2003) . One of the three monkeys used in the previous study (referred to as monkey 1 in the previous study) was used again in this study (monkey B) . Because the other two monkeys in the previous study had not survived, another monkey was newly recruited (monkey K). All experimental procedures were carried out in accordance with the National Institutes of Health/Institute of Laboratory Animal Resources Guide for the Care and Use of Laboratory Animals, as approved by the institutional ethics committee.
Behavioral task
Experiments were carried out with the animal seated in a primate chair equipped with a head holder, a hand lever, a reward dispenser, and an optic fiber (1.0 mm diam, set 15 cm in front of eyes) through which the light emitting diode signals were presented (Fig. 1A) . From 24 h before the experiment, the water supply to the monkeys was limited to one half the amount of their daily free drink. The monkeys were trained to lift a lever with the hand in response to light stimuli in four different sets of circumstances, as described below: S1-S2 TASK (FIG. 1D ). This was a simple forewarned reaction time task in which a pair of warning (S1) and imperative (S2) signals was presented with a fixed interval of 3.0 s. S1 was green light of 100-ms duration and S2 was yellow light of 500-ms duration. If the monkey moved the lever within the duration of S2, it was rewarded with a drop of water (ϳ0.2 ml, delivered 0.5 s after the end of S2). The holding of the lever by the monkey was monitored by an electrostatic touch sensor. The task trial was not initiated until the monkey kept holding the lever for Ͼ7 s and was aborted if the monkey released the lever. (FIG. 1E) . No-go trials were introduced into the original S1-S2 task. The S1 stimulus was presented as either red or green, randomly selected. One color (e.g., green) stood for go, whereas the other (e.g., red) stood for no-go. In go trials, the task sequence was the same as for the S1-S2 task. In no-go trials, no reward was delivered irrespective of the monkey's response: i.e., asymmetrical reinforcement. showing a recording site in area 9 in monkey B (marked with † in Fig. 6 and marked with a in Fig. 7) . The arrow indicates the trace of the depth electrode. D-F: 4 variations of forewarned reaction time tasks. CS, cingulate sulcus; PS, principal sulcus.
S1 [GO/NO-GO]-S2 [ASYM] TASK
was rewarded in no-go trials if it did not respond to the S2 signal and was not rewarded if it responded: i.e., symmetrical reinforcement. (FIG. 1F) . ON trials were the same as the original S1-S2 task except that the S1-S2 interval was shortened to 1.5 s. OFF trials were the same as the ON trials except that the S2 light signal was not given. In the OFF trials, the monkey was rewarded if it responded during the same period in which the S2 signal had been presented in the ON trials. The amount of reward was the same in both the ON and OFF trials. Trials were presented in a continuous block of 100 -200 trials of the same kind and switched to the other kind. Although the monkeys were not informed of the switching between the ON and OFF blocks explicitly, they adapted to the change within a few trials. The first five trials in the ON/OFF blocks were omitted from the data analysis.
S1-S2 [ON/OFF] TASK
In addition to the task conditions, we made recordings of the resting condition (Rest). In Rest, the monkey was awake and seated still, but not engaged in any particular task.
Recordings and data analysis
The procedures for recording and analyzing the cortical field potential were the same as described previously (Tsujimoto et al. 2006) . In short, the monkeys were chronically implanted with electrodes under pentobarbital sodium anesthesia (initial dose Ͼ25 mg/kg iv, followed by additional injections as needed). Cortical field potentials were recorded by silver needles of 0.20 mm diam insulated with Teflon except at their pointed tip. The electrodes were arranged in pairs, with one pair at the surface (S) and the other at a depth (D) of 2.5-3.5 mm at various cortical sites (Fig. 1B) , and were anchored to the skull with acrylic resin and screws. Control electrodes were set in the bone marrow behind the ear on both sides. The cortical field potentials were referred to linked control electrodes, processed by amplifiers at a 5-s time constant and with a 100-Hz high-cut filter, and digitized at 250 Hz.
We used the transcortical potentials, namely the surface minus depth (S Ϫ D) potentials, to evaluate regional activity and examined the phase difference between S and D to assess whether a signal component found in the S Ϫ D potentials was generated at the recording site. To analyze power spectra, coherence, and phaselocking, the data from the task condition were segmented into artifactfree epochs of 1,024 ms (256 points), giving a resolution of 0.98 Hz using discrete Fourier transform (DFT). The transition of spectra was calculated by shifting the data window in 0.1-s steps with overlapping. The data from Rest were consecutively segmented into artifact-free epochs of 1,024 ms without overlapping.
For statistical comparison of the theta power, we set time regions of interest and calculated the mean theta power on a per trial basis, collecting the epochs whose center was included in the time region of interest. Relevant statistical models were applied. When we assessed the statistical significance of quantitative difference in the theta power between two time regions of interest, the null hypothesis that the population means of the theta power in the two time regions were equal was tested across trials by paired Student's t-test or two-sample t-test. The selection of paired Student's or two-sample t-test was determined as follows: when comparisons were based on matchedpair data taken from two time regions within the same trial, we used paired Student's t-test. Otherwise, we used two-sample t-test. For the two-sample t-test, we used Welch's, rather than Student's, t-test, since a preliminary examination using the F-test showed that the variance of the theta power was often significantly different between the time regions of interest. To assess phase-locking between oscillations and external events (S1, S2, and reward), the oscillatory phase relative to the epoch was calculated. The phase relative to epoch is defined as the angle , where the complex number of the DFT product at a specified frequency is expressed as Aexp(i) in the polar coordinate form. If theta oscillations are phase-locked to external events, the distribution of is not uniform. If theta oscillations are phase-locked between two field potentials, the phase difference ϭ 1 Ϫ 2 has a nonuniform distribution, where 1 and 2 are the phase relative to epoch of each potential. The uniformity of the distribution of was tested using the Rayleigh statistic (Rayleigh 1880)
where X and Y are defined by the equations
and N is the number of trials. The value of R ranges from 0 to 1, and R ϭ 1 indicates complete phase locking. Given that is uniformly distributed and N is very large, R distributes according to the Rayleigh distribution whose probability density function P is given by
The parameter 2 is the variance of X and Y and is given by 2 ϭ 1/2N.
The null hypothesis for uniformity of the distribution of was tested at the 95% confidence level with and without Dunn-Bonferroni correction for multiple comparisons along the time axis. Confidence limit R lim for 100p% confidence level was calculated by the Rayleigh inverse cumulative distribution function
Recording sites
After electrophysiological investigations, the monkeys were deeply anesthetized with an overdose of pentobarbital sodium and were perfused through the heart with 10% formaldehyde neutral buffer solution. The penetration of the recording electrodes was identified and plotted on a standard brain map.
R E S U L T S
Database
We collected artifact-free data of 451 and 1,132 trials in the S1-S2 task, 485/451 and 1,131/1,059 (Go/No-go) The data of the S1-S2 task for monkey B were recorded on a different day from that in the previous report (Tsujimoto et al. 2003) .
Modulation of theta oscillations in the S1-S2 task
Characteristic theta oscillations were noted in areas 9 (Fig.  1C ) and 32 in both monkeys. To show the essential feature of the results, we first show representative data obtained from a few recording sites (Fig. 2) , which were selected from the task-related theta generators determined by the comprehensive statistical analysis described later (Cortical distribution). Figure 2A shows a segment of the raw record obtained from a representative recording site (Fig. 7, c ) in Walker's area 9 of monkey B contralateral to the moving hand (i.e., right in this case) with a timing chart of the task. The traces S and D are the raw cortical field potentials recorded at the surface and at a 3 mm depth in area 9. The S Ϫ D trace is the arithmetic difference between S and D. As can be seen in the inset, sinusoidal waves at ϳ6 Hz often appeared in the raw trace in opposite polarities between S and D. The amplitude of the theta waves often measured up to ϳ300 V (peak-to-peak) in the S Ϫ D trace with waxing and waning.
The behavioral performance is shown as a histogram (blue) of reaction time (RT) together with a histogram (brown) of the next S1 onset (Fig. 2, B and I (Fig. 7 , recording site c) is shown with the time markers of S1, S2, lever movement, and reward delivery. S Ϫ D potential is the arithmetic difference between the S and D potentials. S and D potentials in the dotted rectangle of 1-s duration are expanded in the top. B: onset of the lever movement (blue) and the next S1 signal (brown) is shown as a histogram in 50-ms bin. C-G: representative data recorded from the same electrodes in A. C: temporal change in power spectra is calculated for the S Ϫ D potential. Power is displayed in normalized power per unit bandwidth, i.e., power spectral density. D: time course of the power is plotted at 3.9, 4.9, 5.9, and 6.9 Hz. E: time course of the coherence between S and D is plotted. The horizontal broken line denotes the theoretical 95% confidence limit for significant coherence. F: phase angle of S as referenced by D is plotted at 5.9 Hz. Line width of the plot represents the 95% confidence limit. G: mean power spectra are compared between Pre, Delay, Rwd, and Rest. H: representative data recorded from area 32 of monkey B (Fig. 7 b) . The time course of the power is plotted in the same format as in D. I: representative data from monkey K. Behavioral performance is displayed in the same format as in B and the time course of the power is plotted for area 9 (Fig. 7 , f) and area 32 (Fig. 7, g ) in the same format as in D. J: grand mean power spectra in areas 9 and 32 are calculated across the monkeys.
In Fig. 2 , C-G, a record obtained from the same electrodes as in Fig. 2A is shown. A time-frequency analysis showed that the theta power of the S Ϫ D potential in area 9 was modulated in relation to the task (Fig. 2C ). The power in the theta band is plotted in Fig. 2D . It was relatively low during the intertrial interval, fluctuated after S1, became higher, reached a plateau in the S1-S2 interval, fluctuated after S2 and reward delivery, and returned to the level of the intertrial interval. The modulation was noted throughout the whole theta band and was most prominent at 5.9 Hz in this monkey.
The coherence between S and D at 4.9 -6.9 Hz was significant at the 95% confidence level throughout the trials (Fig. 2E) . The phase angle of S as referenced by D was 0.89 Ϯ 0.09 (at 4.9 Hz), 0.94 Ϯ 0.04 (5.9 Hz; plotted in Fig. 2F ), and 0.95 Ϯ 0.03 (6.9 Hz) during the time region [Ϫ10 s, 10 s]. This theta activity was probably generated from the cortical region between the S and D electrodes and was not a result of a current spread from a remote source because the coherence was significant and the phase angle was around between S and D.
We tentatively classified the changes in theta power into two groups according to their time scale: one being relatively slow shifts lasting Ͼ0.5 s and the other transient fluctuations Ͻ0.5 s. Slow shifts were noted in the S1-S2 interval, in the pre-S1 period, and at ϳ1-3 s after reward delivery. Transient fluctuations were observed immediately after the onset of S1, S2, and reward delivery and generally had a time course of local maxima at ϳ0.2 s after the events and local minima at ϳ0.5 s. After reward delivery, the local maxima at ϳ0.2 s were sometimes not clear. The slow shifts and transient fluctuations were different in their cortical distributions. The slow shifts were noted characteristically in data recorded around areas 9 and 32, whereas the transient fluctuations were observed in wide regions including areas 1, 4, 6, 8, 9, 24, 32, and 46 . During the transient fluctuations, the theta power rapidly modulated between the maxima and minima within a period of 0.3 s which corresponded to, at most, two cycles of theta oscillations. In this study, we focused on the slow shifts of theta activity for the following reasons. First, this analysis, which was based on DFT with a moving data window of 1,024 ms width, was not suitable for analyzing rapid changes in spectra. Second, human Fm theta oscillations are typically reported as continuous sinusoidal waves that last a few seconds (Mitchell et al. 2008) .
For quantitative and statistical evaluation of changes in spectra, the time regions of interest, Pre ϭ [Ϫ5.5 s, Ϫ3.5 s], Delay ϭ [Ϫ2.2 s, Ϫ0.2 s], and Rwd ϭ [2.0 s, 4.0 s], were set as marked in Fig. 2D . They were arranged to analyze changes in theta power between the pre-S1 period, the S1-S2 interval, and the period after reward delivery. In Fig. 2G , the mean power spectra were calculated for Pre, Delay, Rwd, and Rest. The plot indicates that the theta power was higher in Delay than in Pre and that the modulation of spectra was maximal in the theta frequency. For statistical evaluation of the theta power, the theta power in each time region was calculated on a per trial basis at the frequency with the peak power in the theta band for the individual monkeys (5.9 Hz for monkey B and 4.9 Hz for monkey K). For convenience, the population mean of the theta power in X (X is a time region or a condition) was denoted as Th(X). The increase in the power at 5.9 Hz in Delay compared with Pre, namely Th(Pre)ϽTh(Delay), was statistically significant (t ϭ 6.34, P Ͻ 6ϫ10
Ϫ10
; 2-tailed paired Student's t-test). The theta power in the pre-S1 period was higher than that in Rest. This difference, Th(Rest)ϽTh(Pre), was also statistically significant (t ϭ 45.1, df ϭ 818, P Ͻ 6 ϫ 10 Ϫ224 ; 2-tailed two-sample Welch's t-test).
The same kind of modulation of theta oscillations was observed in other recording sites in areas 9 and 32 of both monkeys (Fig. 7) . Theta power obtained at other representative recording sites are shown for area 32 (Figs. 2H and 7B) in monkey B and for areas 9 and 32 (Figs. 2I and 7 F and G) in monkey K. The modulation was also recognizable in the grand mean power spectra in these areas (Fig. 2J) . When all the power spectra obtained from the recording sites in area 9 were averaged across the monkeys, the resulting grand mean spectra showed essentially the same modulation in the theta band as in Fig. 2G (Fig. 2J, top) . This was also the case for area 32 (Fig. 2J, bottom) .
The results indicate that the baseline theta power in the pre-S1 period was already increased, compared with Rest, and that the power was further increased in the S1-S2 interval compared with the pre-S1 period.
Modulation of theta oscillations in the S1 [go/no-go]-S2 [Asym] task
In the S1[go/no-go]-S2 [Asym] task, theta oscillations were modulated in different ways between the Go and No-go trials. Figure 3 shows the result obtained from the same recording sites as Fig. 2 .
The behavioral performance is shown as histograms separately for the Go and No-go trials ( Time-frequency analyses of the S Ϫ D potential at area 9 (Fig. 7, c) in monkey B are shown separately for the Go and No-go trials in Fig. 3B . Theta oscillations were modulated in both the Go and No-go, but in different ways. The power in the theta band is plotted in Fig. 3C . In the Go trials, the time course of the theta power showed essentially the same transition as in the original S1-S2 task. Conversely, in the No-go trials, the power decreased after S1. The decreased activity continued during the S1-S2 interval. Another characteristic feature was slow differential shifts in theta power between the Go and No-go trials at ϳ1-3 s after the reward delivery. The power was higher in the Go trials than in the No-go trials.
To assess the spectral changes described above, the time regions of interest, Pre, Delay, and Rwd were set as shown in Fig.  3C . The positions of the time regions were the same as in the original S1-S2 task. In Fig. 3D , the mean power spectra were plotted for Pre (including both Go and No-go), Delay͉Go, Delay͉No-go, Rwd͉Go, Rwd͉No-go, and Rest, where the time region R in a restrictive condition C was denoted as R͉C. The modulation was noted throughout the whole theta band and was most prominent at 5.9 Hz in this monkey, similar to the S1-S2 task.
In agreement with the above observation, the following quantitative relationships were statistically significant:
2) Th(Pre)ϾTh(Delay͉No-go) (t ϭ 13.7, df ϭ 982, P Ͻ 3 ϫ 10 Ϫ39 ; 2-tailed 2-sample Welch's t-test) 3) Th(Rwd͉Go)ϾTh(Rwd͉No-go) (t ϭ 8.69, df ϭ 943, P Ͻ 2 ϫ 10 Ϫ17 ; 2-tailed 2-sample Welch's t-test) 4) Th(Rest)ϽTh(Pre) (t ϭ 34.2, df ϭ 1446, P Ͻ 2 ϫ 10 Ϫ188 ; 2-tailed 2-sample Welch's t-test).
The same kind of modulation of theta oscillations was observed in other recording sites in areas 9 and 32 of both monkeys (Fig. 7) . The results obtained from the same recording sites as in Fig. 2, H and I, are shown in Fig. 3 , E and F. The modulation was also recognizable in the grand mean power spectra in these areas (Fig. 3G) .
The results indicate that the theta activity in areas 9 and 32, which had been increased in advance of the S1 signal, compared with Rest, was decreased when the S1 signal was No-go, whereas it was increased in Go, and that the theta activity in Rwd was higher in the Go trials than in the No-go trials.
Modulation of theta oscillations in the S1 [go/no-go]-S2 [Sym] task
At first, the monkeys had been trained for this task with equal probabilities of 50% Go and 50% No-go. However, both monkeys soon ceased responding to either the Go or No-go stimuli with Fig. 2 . A: behavioral performance of monkey B is displayed separately for the go and no-go trials. B: temporal change in the power spectra is calculated for the S Ϫ D potential recorded from area 9 in monkey B. Color scale is for both of the contour plots. C: time course of the power is plotted separately for the go and no-go trials. D: mean power spectra are compared between Pre, Delay͉Go, Delay͉No-go, Rwd͉Go, Rwd͉No-go, and Rest. E: representative data recorded from area 32 of monkey B. Time course of the power is plotted in the same format as in C. F: representative data from monkey K. Behavioral performance is shown as histograms and time course of the power is plotted for areas 9 and 32. G: grand mean power spectra in areas 9 and 32 are calculated across the monkeys.
holding the lever. In this situation, a reward was delivered in the No-go trial. Consequently, the monkeys had received the reward by 50% chance without making any active responses. This was an outcome that we had not expected. After some trials of changing the Go/No-go ratio, we found that monkey B continuously responded to the Go stimuli at unequal probabilities of 75% Go and 25% No-go. Monkey K never responded diligently to the Go stimuli even in a Go/No-go ratio of 75/25. Thus the experiment for this task was carried out only in monkey B at the probabilities of 75% Go and 25% No-go.
In a preliminary experiment, we compared the spectral modulation in the S1 [go/no-go]-S2 [Asym] task between the Go/No-go ratios of 50/50 and 75/25 and confirmed that spectral modulations were essentially the same between the two different Go/No-go ratios. Figure 4 shows the records obtained from the same electrodes as in Figs. 2 and 3. The behavioral performance is shown as histograms (Fig. 4A) . Monkey B responded in 1,980 (RT ϭ 275 Ϯ 31 ms) of 2,186 Go trials, of which 1,979 (90.5%) were rewarded, and made erroneous responses in 136 (RT ϭ 285 Ϯ 36 ms) of 636 No-go trials, of which 500 (78.6%) trials were rewarded.
Modulation of theta oscillations is plotted in Fig. 4B . In the Go trials, the theta power in areas 9 and 32 increased during the S1-S2 interval and showed essentially the same time course as in the original S1-S2 task and the Go trials of the S1 [go/no-go]-S2 [Asym] task. Unlike the S1 [go/no-go]-S2 [Asym] task, the theta power in the No-go trials increased during the S1-S2 interval, although the increase in the No-go trials was smaller than in the Go trials. No significant difference was found between the Go and No-go trials after reward delivery. The baseline theta power in the pre-S1 period was higher than in Rest.
In accordance with the above observation, the following quantitative relationships were statistically significant: 1) Th(Pre)ϽTh(Delay͉Go) (area 9, t ϭ 19.5, df ϭ 3858, P Ͻ 5 ϫ 10 Ϫ81 ; area 32, t ϭ 24.6, df ϭ 3728, P Ͻ 4 ϫ 10 Ϫ124 ; 2-tailed 2-sample Welch's t-test)
2) Th(Pre)ϽTh(Delay͉No-go) (area 9, t ϭ 5.3, df ϭ 925, P Ͻ 2 ϫ 10 Ϫ7 ; area 32, t ϭ 6.5, df ϭ 868, P Ͻ 2 ϫ 10 Ϫ10 ; 2-tailed 2-sample Welch's t-test)
3) Th(Delay͉No-go)ϽTh(Delay͉Go) (area 9, t ϭ 8.6, df ϭ 1127, P Ͻ 3 ϫ 10 Ϫ17 ; area 32, t ϭ 8.3, df ϭ 1073, P Ͻ 2 ϫ 10
Ϫ16
; 2-tailed 2-sample Welch's t-test) 4) Th(Rest)ϽTh(Pre) (area 9, t ϭ 12.9, df ϭ 927, P Ͻ 3 ϫ 10
Ϫ35
; area 32, t ϭ 19.4, df ϭ 986, P Ͻ 3 ϫ 10 Ϫ71 ; 2-tailed 2-sample Welch's t-test).
The modulation was also recognizable in the grand mean power spectra in these areas (Fig. 4C) .
Modulation of theta oscillations in the S1-S2 [ON/OFF] task
In the S1-S2 [ON/OFF] task, a shift in the baseline theta power in the intertrial interval was noted between the ON and OFF trials. In the OFF trials, the theta activity increased at ϳ1-3 s after reward delivery, whereas it decreased in the corresponding time region in the unrewarded trials. Figure 5 shows the records obtained from the same electrodes as in Figs. 2 and 3 .
The behavioral performance is shown as histograms separately for the ON and OFF trials (Fig. 5, A and F) . Monkey B responded in 640 (RT ϭ 236 Ϯ 80 ms) of 643 ON trials, of which 629 (97.8%) were rewarded, and responded in 604 (RT ϭ 292 Ϯ 185 ms) of 606 OFF trials, of which 499 were rewarded (82.3%). Monkey K responded in 615 (RT ϭ 352 Ϯ 540 ms) of 630 ON trials, of which 392 (62.2%) were rewarded, and responded in 701 (RT ϭ 270 Ϯ 470 ms) of 719 OFF trials, of which 447 were rewarded (62.2%). There was a notable difference in RT distribution between the two monkeys. In monkey B, the distribution in the ON trials was mostly concentrated within a relatively narrow time region after the S2 signal, whereas that in the OFF trials was dispersed in a wider time region and stretched to the pre-S2 region. In contrast, in monkey K, the RT distribution was dispersed and stretched to the pre-S2 region in both the ON and OFF trials.
Time-frequency analyses of the S Ϫ D potential in area 9 (Fig. 7, c) Fig. 5B and the power in the theta band is plotted in Fig. 5C . In both the ON and OFF trials, the spectral modulation was similar to that in the original S1-S2 task, except that the S1-S2 interval was shorter in this task. The most remarkable difference between ON power during the intertrial interval. It was higher in the OFF trials than in the ON trials. Another notable difference was found in the theta power after reward delivery, between the OFF [rewarded] and OFF [unrewarded] trials. The theta power shifted up ϳ1-3 s after reward delivery in the OFF [rewarded] trials, whereas it shifted down in the corresponding time region in the OFF [unrewarded] trials.
To assess the spectral changes noted above, the time regions of interest, Pre ϭ [Ϫ4 s, Ϫ2 s], Delay ϭ [Ϫ0.7 s, Ϫ0.2 s], and Rwd ϭ [2 s, 4 s], were set as marked in Fig. 5C . The mean power spectra in each time region were plotted in Fig. 5D . The modulation was noted throughout the theta band and was most prominent at 5.9 Hz in this monkey, as was the case with the original S1-S2 task and S1 [go/no-go]-S2 tasks.
In agreement with the above observation, the following quantitative relationships were statistically significant: 1) Th(Pre͉ON)ϽTh(Delay͉ON) (t ϭ 11.9, P Ͻ 2 ϫ 10 Ϫ29 ; 2-tailed paired Student's t-test) 2) Th(Pre͉OFF)ϽTh(Delay͉OFF) (t ϭ 12.0, P Ͻ 9 ϫ 10 Ϫ30 ; 2-tailed paired Student's t-test) 3) Th(Pre͉ON)ϽTh(Pre͉OFF) (t ϭ 8.8, df ϭ 1252, P Ͻ 5 ϫ 10 ; 2-tailed 2-sample Welch's t-test). The same kind of modulation of theta oscillations was observed in other recording sites in areas 9 and 32 of both monkeys (Fig. 7) . The results obtained from the same recording sites as in Fig. 2, H and I, are shown in Fig. 5 , E and F. The modulation was also recognizable in the grand mean power spectra in these areas (Fig. 5G) .
In monkey B, the theta power in Delay was clearly higher in the OFF trials than in the ON trials (Fig. 5, C and E) , and the relationship Th(Delay͉ON)ϽTh(Delay͉OFF) was statistically significant in areas 9 and 32 in monkey B (area 9, t ϭ 5.64, df ϭ 1258, P Ͻ 3 ϫ 10 Ϫ8 ; area 32, t ϭ 5.47, df ϭ 1260, P Ͻ 6 ϫ 10 Ϫ8 ; 2-tailed 2-sample Welch's t-test). However, the same relationship was not always significant for the data in monkey K. According to the procedure described in the next section, we determined nine recording sites in areas 9 and 32 (4 sites in monkey B and 5 in monkey K) as the task-related theta generators for the relationships Th(Pre͉ON)ϽTh(Delay͉ON) and Th(Pre͉OFF)ϽTh(Delay͉OFF). Among these task-related theta generators, the relationship Th(Delay͉ON)ϽTh(Delay͉OFF) was statistically significant (P Ͻ 0.05) for all four sites in monkey B, whereas it was significant for only two (1 in area 9 and 1 in area 32) of the five sites in monkey K. The results indicate that the increase in Delay͉OFF, compared with Delay͉ON, was more prominent in monkey B than in monkey K.
Cortical distribution
To determine the cortical distribution of the current generators for the characteristic theta activity described above, we statistically tested the theta power modulation in each task across all of the recording sites in both monkeys. It was carried out at the frequency with the peak power in the theta band for the individual monkeys (5.9 Hz for monkey B and 4.9 Hz for monkey K), separately for each quantitative relationship as follows (A1-A8).
A1)
In the S1-S2 task, Th(Pre)ϽTh(Delay). A8) In the preceding three tasks, Th(Rest)ϽTh(Pre). The recording sites were regarded as task-related theta generators when one of the conditions A1-A8 was statistically significant (P Ͻ 0.05) and when both the following criteria B and C were met: criterion B, the coherence between S and D potentials was significant (P Ͻ 0.05) and the phase angle between S and D was in antiphase within the range [0.5, 1.5] in more than one half of the epochs in the analyzed time region in which the theta power was regarded as the higher [for example, time region Y on examination of Th(X)ϽTh(Y)]; criterion C, the power modulation was observed mainly in the theta band (4 -7 Hz). The purpose of criterion B is to distinguish whether oscillatory activity observed in the transcortical (S Ϫ D) potential is generated between the S and D electrodes or spreads from a remote source as a result of volume conduction. In the former case, the S and D signals are recorded in opposite polarities and the phase angle should be around rad. In the latter case, the S and D potentials probably have a common polarity and the phase angle should be around zero. This analysis has been established as a useful method for assessing the source of cortical activity (Hashimoto et al. 1981; Sasaki and Gemba 1981; Tsujimoto et al. 2006 ). Criterion C excludes cases in which the theta modulation is found on the side slope of spectral change that is maximally modulated in another frequency band. We set criterion C for the following reasons. First, the human Fm theta activity shows its maximal power modulation within the theta band (Mitchell et al. 2008) . Second, activity on the side slope may be caused by spectral leakage in the DFT analysis.
The cumulative result is plotted in Fig. 6 . Of the total 76 sites, 10 recording sites were determined as task-related theta generators for condition A1, 12 sites for A2, 11 sites for A3, 9 sites for A4, 9 sites for A5, 13 sites for A6, 13 sites for A7, and 13 sites for A8. These mostly overlapped with each other, and the 13 task-related theta generators as determined for condition A6 included all of the significant generators determined for the other conditions. The difference was limited to the marginal regions of the areas. Nine of 13 task-related theta generators were found in Walker's area 9 and the remaining four were in area 32. These corresponded to 56% of the total 16 sites in area 9 and 100% of the total 4 sites in area 32. There was no task-related theta generator in areas 24, 46, 8, 6 , the primary motor area (MI), or the primary somatosensory area (SI).
The power spectra obtained in three tasks were plotted for the representative recording sites in areas 9 (ipsi-and contralateral) and 32 and, for the sake of comparison, in the neighboring areas 24 and 46 (Fig. 7) . The plots indicate that the power modulations in areas 9 and 32 in the three tasks had a common spectral profile with the same center frequency and the same frequency range for the individual monkeys. Some sites in area 46 met some of the quantitative relationships A1-A8 and criterion B but showed a power modulation mainly in 8 -20 Hz (e.g., Fig. 7 , e, monkey B and j, monkey K). These were rejected by criterion C. Some sites in area 24 showed a weak modulation in the theta band, but the quantitative relationships were not statistically significant and theta oscillations were in-phase between the S and D electrodes, suggesting that they were caused by current spread from remote sources in areas 9 or 32 (e.g., Fig. 7, i, monkey K) .
When we simply repeat the statistical test across multiple recording sites, some sites may be falsely judged as taskrelated theta generators by chance. To be safe from this problem of multiple comparisons, we applied the same analysis to data taken on different days. This second analysis was based on the records of 654 and 1,281 trials (S1-S2 task), 408/384 and 899/880 (Go/No-go) trials (S1 [go/no-go]-S2 [Asym] task), 835/505 and 916/961 (ON/OFF) trials (S1-S2 [ON/OFF] task), and 590 and 820 epochs in Rest for monkeys B and K, respectively. All the task-related theta generators in Fig. 6 were again identified as task-related theta generators and were confirmed not to be false positive by chance. A3a has the same structure as condition A7 that was used to assess the differential modulation in Rwd in the OFF trials in the S1-S2 [ON/OFF] task. Using A3a, 7 sites that were a subset of the 13 task-related theta generators for A7 are determined as task-related theta generators. Although the relationship Th(Pre)ϾTh(Rwd͉No-go) is statistically significant in all 13 sites, the relationship Th(Pre)ϽTh(Rwd͉Go) is not significant in the 6 omitted sites.
Modulation of theta oscillations after reward
In the S1-S2 task and in the ON trials in the S1-S2 [ON/OFF] task, the relationship Th(Pre)ϽTh(Rwd) was statistically significant in 7 and 4 sites, respectively, that were a subset of the 13 task-related theta generators for A7. The opposite relationship Th(Pre)ϾTh(Rwd) was not significant for all 13 sites.
The relationship Th(Delay)ϾTh(Rwd) was statistically significant in 7, 9, 9, and 6 sites that were subsets of the 13 task-related theta generators for A7, in the S1-S2 task, the Go trials (the S1[go/no-go]-S2 task), the ON trials (the S1-S2 [ON/OFF] task), and the OFF [rewarded] trials (the S1-S2[ON/OFF] task), respectively. The opposite relationship Th(Delay)ϽTh(Rwd) was significant in 0, 0, 0, and 4 of the 13 sites, respectively.
The results indicate that the theta power after the reward delivery generally tended to be higher than in Pre and lower than in Delay. They also indicate that the increase after the reward was most noticeable in the OFF[rewarded] trials (e.g., cf. Figs. 2H, 3E, Go, and 5E, OFF[rewarded]), and the theta power in Rwd͉OFF [rewarded] even exceeded the power in Delay in some of the 13 sites.
Intercortical coupling
Theta oscillations in areas 9 and 32 showed marked intercortical coupling (Fig. 8) . The coupling was assessed by coherence and the Rayleigh statistic R between the representative recording sites in areas 9 and 32 for the data obtained in the S1-S2 task (Fig. 8A) . Coherence between these areas was maximal at the theta frequency as shown in the contour plots (Fig. 8B) . Coherence and the Rayleigh statistic R were significant (P Ͻ 0.05) in the theta frequency throughout the trial (Fig. 8C) . Phase angles were generally in phase within the range [Ϫ0.5, 0.5] and almost constant throughout the trial (Fig. 8C) . The relative phase in the ipsilateral area 9 as referenced by the contralateral area 9 was Ϫ0.12 Ϯ 0.02 (at 5. Laterality is relative to the moving hand (ipsi and contra). Graphs show the numbers of the recording sites in which theta power change was significant or not significant. For the sites with asterisk, Rayleigh statistic R is displayed in Fig. 9 . For the site with dagger, histology is shown in Fig. 1C . MI, primary motor area; SI, primary somatosensory area. 
Phase relations between theta oscillations and external events
Phase locking of theta oscillations to the external events (S1, S2, and reward delivery) was assessed by the Rayleigh statistic R for the data obtained in the S1-S2 task (Fig. 9) . A significant increase in R (P Ͻ 0.05 with Dunn-Bonferroni correction for multiple comparisons) was noted immediately after S1, S2, and reward delivery (monkeys B and K ipsilateral and contralateral area 9 and area 32; Fig. 9A ). The peak amplitude of R was noted at 0.1-0.3 s after the onset of S1, S2, and reward delivery. However, the rise in R was transient and swiftly decreased below the 95% confidence limit within 1 s. A transient rise in R with similar characteristics was also ob- Phase relations between theta oscillations and external events (S1, S2, and reward). Rayleigh statistic R is calculated for phase relative to epoch, for representative recording sites in areas 9 and 32 (A) and areas 46, 24, 8, 6, 4, and 1 (B) . Horizontal broken lines denote the 95% confidence limits for significant phase locking; the top lines are the limits with the Dunn-Bonferroni correction for multiple comparisons across the time region [Ϫ10 s, 10 s] and the bottom lines are the uncorrected limits for each latency. Recording sites are marked with asterisks in Fig. 6 , and the sites in areas 9 and 32 are the same as in Fig. 8 . Fig. 7; monkey B, a-c; monkey K, f-h) . B: temporal change in the coherence spectra is calculated between the S Ϫ D potentials of 2 areas. Color scale is for all the contour plots. C: coherence, phase, and R are plotted at the frequency with the peak power in the theta band (5.9 Hz for monkey B and 4.9 Hz for monkey K). In the phase plot, line width represents the 95% confidence limit. Horizontal broken lines denote the 95% confidence limit for significant coherence and R. served in other recording sites including areas 1, 4, 6, 8, 24, and 46 (some of the data are shown in Fig. 9B) .
The results indicate that the phase of theta oscillations immediately after the external events was locked with the external events, but the effect did not last more than 1 s. This effect was not specific to areas 9 and 32 but was generally observed in a variety of areas. Phase-locking was not statistically significant between the external events and the theta oscillations during the plateau in the S1-S2 interval or during the slow shift after reward delivery.
D I S C U S S I O N
The main findings of this study are as follows. 1) The forewarned reaction time tasks modulated the oscillatory field potentials in the theta frequency range. 1.1) In the S1-S2 task, the theta power was higher in Delay than in Pre. 1.2) In the S1 [go/no-go]-S2 [Asym] task, the theta power in Delay was higher than in Pre in the Go trials, whereas it was lower in the No-go trials. 1.
3) The theta power in Rwd was higher in the Go trials than in the No-go trials. 1.4) In the S1 [go/no-go]-S2 [Sym] task, the theta power in Delay was higher than in Pre, both in the Go and No-go trials, although 1.5) it was lower in the No-go trials than in the Go trials. 1.6) In the S1-S2 [ON/OFF] task, the theta power was higher in Delay than in Pre both in the ON and OFF trials. 1.7) The theta power in Pre was higher in the OFF trials than in the ON trials. 1.8) The theta power in Rwd was higher than in Pre in the rewarded OFF trials, whereas it was lower in the unrewarded OFF trials. 1.9) The theta power in Pre in the task conditions was higher than in Rest. 1.10) The theta power after the reward delivery tended to be higher than in Pre and lower than in Delay. In the OFF[rewarded] trials, the power increase after the reward was so noticeable that the power in Rwd even exceeded the power in Delay in some of the recording sites.
2) The sources of the currents generating the characteristic theta activity were identified in areas 9 and 32.
3) The frequency of the peak power in the theta band was 5.9 Hz for monkey B and 4.9 Hz for monkey K. 4) Significant intercortical correlation in the theta band was found between areas 9 and 32. 5) No significant phase locking was found between the increased theta activity during Delay and Rwd and the external events (S1, S2, and reward delivery), although short-term phase locking immediately after the external events was noted. In the preceding listing, 1.1) is a reproduction of the previous results and 2) and 3) are compatible with and extend the previous results (Tsujimoto et al. 2003) . The rest are original findings of this study.
Modulation of theta oscillations
The modulation of theta oscillations was noted in three time regions: Delay, Rwd, and Pre. The properties are examined below:
THETA ACTIVITY IN DELAY. Anticipatory and preparatory processes for future lever movement and reward are considered to be involved during the S1-S2 interval in the trials in which proper lever movements were rewarded, i.e., the original S1-S2 task, the Go trials of the S1 [go/no-go]-S2 [Asym] task, the Go trials of the S1 [go/no-go]-S2 [Sym] task, and both the ON and OFF trials of the S1-S2 [ON/OFF] task. In these trials, the theta power in Delay was consistently higher than in Pre. In contrast, anticipatory and preparatory processes are not actively involved in the trials in which movements were not rewarded and, consequently, the monkeys did not respond, i.e., the No-go trials of the S1 [go/no-go]-S2 [Asym] task. In these trials, the theta power in Delay was lower than in Pre. Judging from these results, it is likely that the theta activity in Delay is related to either or both of anticipatory and preparatory processes for future movement and reward. In the No-go trials of the S1 [go/no-go]-S2 [Sym] task, processes for the future reward are involved, whereas processes for future lever movement are not. If the theta activity in Delay is related to the future movement, it would be lower in the No-go trials than in the Go trials. If it is related to the future reward, the power in Delay in the No-go trials would be higher in the S1 [go/nogo]-S2 [Sym] task than in the S1 [go/no-go]-S2 [Asym] task. These results suggest that the theta activity in Delay is related to both the future movement and reward. In the OFF trials of the S1-S2 [ON/OFF] task, the monkeys had to time the S1-S2 duration internally without any external cues. Accordingly, the monkeys were presumably required to use a different strategy for movement preparation compared with the trials in which the S2 signal was visible. The difference in the strategies appeared to be reflected on the RT histograms in monkey B (Fig. 5A) , whereas monkey K seemed to adopt the strategy for the OFF trials as for the ON trials (Fig. 5F ). This strategic difference between monkeys B and K may account for the fact that the increase in Delay͉OFF, compared with Delay͉ON, was more prominent in monkey B than in monkey K. In that case, the process for internal timing is considered to be a contributing factor to the theta activity.
THETA ACTIVITY IN RWD. The theta power after the reward delivery tended to be higher than in Pre. In addition, we noted differential shifts in the theta power between the Go and No-go trials in the S1 [go/no-go]-S2 [Asym] task and between the rewarded and unrewarded OFF trials in the S1-S2 [ON/OFF] task. The theta power in Rwd was consistently higher in the rewarded trials than in the unrewarded trials. This part of the theta activity seems to be related to assessment of result. It should be noted that there was a difference in the task requirement between the Go trials and the rewarded OFF trials. In the OFF trials, the monkeys had to time the duration internally and had to recalibrate the internal guess criterion retrospectively depending on whether they were rewarded or not. That was not required in the Go trials. The higher theta power in the rewarded OFF trial compared with the Go trials may be related to this process (e.g., cf. In that case, the recalibrating process in the OFF trials is considered a contributing factor to the theta activity. Error handling in the OFF[unrewarded] trials can have two opposite effects on attentional processes. The lack of reward provides important feedback to recalibrate the internal timing guess. That probably loads attentional processes. At the same time, it may elicit negative emotion and disappointment. This supposedly withdraws the monkey's attention from the task engagement. In this experiment, the theta power in Rwd in the OFF[unrewarded] trials was lower than in Pre. The results seemingly suggest that the latter effect has a more dominant influence on the theta activity in Rwd than the former. However, because the attentional processes in error processing may be a more complex phenomenon than can be explained by these two simple factors, further elucidation is needed to clarify this issue.
THETA ACTIVITY IN PRE. When the monkeys were engaged in the tasks and waiting for the S1 signal, they were ready to see and respond to the stimuli. The baseline theta power in Pre was higher than in Rest in all of the tasks. This part of the theta activity may be related to such readiness for task. The idea that the baseline theta power in the pre-S1 period is actively raised by the readiness for task is also supported by the fact that the theta power in the No-go trials of the S1 [go/no-go]-S2 [Asym] task was lower in Delay than in Pre. When the monkeys saw the No-go S1 signal telling them that active response was no longer required in the current trial, they decreased the level of readiness. The readiness may include vigilance for forthcoming stimuli as well as task-specific preparatory processes for future responses. In the pre-S1 period of the OFF trials, the monkeys were probably required to be more vigilant than in the ON trials to not miss the S1 signal that was the sole cue for response. The higher baseline theta activity noted in the OFF trials, compared with the ON trials, may be related to such vigilance. The different strategy needed for internal timing of duration may also be related to the baseline theta activity. However, the difference in the strategies may not be essential, because the higher baseline theta power in the OFF trials was noted also in monkey K, which probably adopted the same strategy for both the ON and OFF trials (Fig. 5F) .
Consistency as the model for Fm theta oscillations
The main objective of this study was to test the consistency of the monkey model for human Fm theta oscillations. We compared the theta activity identified in this study with that in the original self-initiated movement task (Tsujimoto et al. 2006) . They are very similar and seem to be virtually identical in all the properties that we examined: i.e., dependency on attentional processes, source distribution, frequency of oscillations, and intercortical coupling. We give more explanation for these properties below:
DEPENDENCY ON ATTENTIONAL PROCESSES. Dependency on attentional processes is one of the significant features of human Fm theta oscillations (Inanaga 1998; Ishihara and Yoshii 1972) , and therefore it is essential for the model to have this feature. In this experiment, the theta activity was apparently related to several aspects of the tasks including the readiness in the pre-S1 period, the anticipatory and preparatory processes in the S1-S2 interval, the internal timing process in the S1-S2 interval of the OFF trials, the assessment of result after reward delivery, and the recalibration of the internal guess criterion after reward delivery in the OFF trials. A possible interpretation is to relate the theta activity directly to these specific processes. Alternatively, the theta activity may be related to the attentional loads associated with these processes. This is because readiness, anticipation, preparation, internal timing, assessment, and recalibration share a common property of attentiondemanding executive processes that manage and control other processes, and we hypothesize that attention is modulated in parallel with these executive processes. If we see these results in the light of this hypothesis, the supposed changes in the attentional level account for the modulations in the theta activity. We tentatively propose the latter interpretation, because it is simpler than the former. Although we should investigate the interpretation further, it is most likely that the task loaded the monkey with attention and that the theta activity identified in this study was associated with the attentional load of the task.
SOURCE DISTRIBUTION. The current sources that generated the theta activity were identified in areas 9 and 32. The sources in the three tasks mostly overlapped. This result shows good agreement with the source distribution identified in the selfinitiated movement task and also with the estimated generators of human Fm theta oscillations that have been reported in the anterior cingulate cortex and dorsolateral prefrontal cortex Cohen et al. 2008; Gevins et al. 1997; Ishii et al. 1999; Meltzer et al. 2007 Meltzer et al. , 2008 Mitchell et al. 2008; ONton et al. 2005; Pizzagalli et al. 2001; Sasaki et al. 1994; Wang et al. 2005) .
FREQUENCY OF OSCILLATION. In this experiment, the peak power was noted at 4.9 -5.9 Hz. That is in accordance with the frequency in the self-initiated movement task in which the peak power was noted at 4.9 -5.9 Hz and also with the frequency of human Fm theta oscillations that has been reported at ϳ5-7 Hz Gevins et al. 1997; Inouye et al. 1988; Iramina et al. 1996; McEvoy et al. 2001; Mitchell et al. 2008; Sasaki et al. 1996a; Slobounov et al. 2000; Smith et al. 1999; Yamada 1998 ).
INTERCORTICAL COUPLING. In this experiment, theta oscillations were significantly synchronized between areas 9 and 32, and their mutual phase angles were generally in phase within the range [Ϫ0.5, 0.5]. The theta activity in the self-initiated movement task has the same features.
These results indicate that virtually the same theta oscillations were induced by various kinds of attentional loads that were involved in these tasks and the previous self-initiated movement task (Tsujimoto et al. 2006) . The above characteristics of theta activity are also compatible with those of human Fm theta oscillations except for the intercortical coupling, which has not been studied in humans to our knowledge. The convergence of the results obtained in the different tasks further supports this interpretation and the consistency of the model. On these grounds, we propose that the theta oscillations in areas 9 and 32 can serve as a homologous model for human Fm theta oscillations in studying attentional functions of the frontal cortex.
Interaction with other activities
If the S1 signal triggers an increase in theta oscillations, there might be phase relations between S1 and theta oscillations during the S1-S2 interval. Significant phase locking, as assessed by the Rayleigh statistic R, was noted in the periods immediately after the external events (Fig. 9) . However, we obtained negative evidence for phase locking in the plateau of theta activity in the S1-S2 interval. We discuss these two effects separately because they seem to reflect different phenomena:
THE TRANSIENT RISE IN R IMMEDIATELY AFTER THE EXTERNAL EVENTS. Simultaneously with the transient fluctuations in the theta power, the rise in R was observed immediately after the external events. Both of these were not limited to areas 9 and 32 but observed also in broad cortical areas including areas 1, 4, 6, 8, 24, and 46 . In time domain, they probably correspond to the event-related potentials after the S1 and S2 stimuli and the reward delivery. Because this effect is found over broad cortical areas, it suggests that these components and the attention-related theta oscillations identified in areas 9 and 32 have different origins and functions. Thus these components may not be related to attentional processes. However, it should be remembered that we calculated the transition of R and power by moving the data window of 1,024 ms width in 0.1-s steps. This means that even an impulse-like waveform can cause a change in R or power of ϳ1-s duration and the time resolution is relatively limited. The significance of this transient effect seems to be equivocal because of the above methodological limitation.
PLATEAU OF THETA ACTIVITY IN THE S1-S2 INTERVAL. This is the main part of the theta activity that we would interpret as a neural correlate of attention. We obtained negative evidence for phase locking during this activity. That was also the case for the phase locking between reward delivery and the theta activity in Rwd. We obtained similar results in the self-initiated movement task: the premovement theta oscillations were not phase-locked to the movement onset, and significant phase locking was noted only in the limited time regions immediately after the movement and the reward delivery (Tsujimoto et al. 2006) . The intercortical phase relations were almost constant throughout the trial except for the periods immediately after the external events (Fig. 8) . These findings suggest that the theta rhythms are generated by a mechanism relatively independent from the external events throughout the task trial and that the external events modulated the amplitude of the ongoing theta oscillations. It also indicates that the characteristics of the theta activity are independent of whether the hand movement is visually initiated or self-initiated. The absence of direct interactions with external events or task modality might be in accordance with the idea that attention itself does not directly participate in the input or output processes but manages such slave processes to produce coherent behavior as an executive function (Baddeley 1996) .
These results pose a question as to how the theta oscillations in areas 9 and 32 are controlled by, and related to, other neural activities. Interaction with the CNV, the slow surface negative cortical potential that appears after the warning stimulus in forewarned reaction time tasks (Walter et al. 1964) , may be particularly important in this context. Several lines of evidence have indicated that the CNV may also reflect the activation of the frontal cortex by attentional functions such as anticipation and preparation (Birbaumer et al. 1990; Brunia and van Boxtel 2001; Tecce 1972) . Unlike Fm theta oscillations, the generators of the CNV in the monkey are distributed over wide areas in the dorsolateral and medial frontal cortex, including the prefrontal, premotor, supplementary motor, and primary motor areas . A slow negative potential, namely the readiness potential (Deecke et al. 1969; Hashimoto et al. 1979; Kornhuber and Deecke 1965) , is observed in the self-initiated movement task, in which we previously identified attentionrelated theta activity in areas 9 and 32 (Tsujimoto et al. 2006 ). Similar to the CNV, this slow potential is distributed over the frontal cortex and thought to be related, at least in part, to attentional processes (Brunia and van Boxtel 2001; Hashimoto et al. 1981) . These findings suggest the complexity of the neural system for attention in which several subsystems are involved. Further experiments are needed to clarify the functional relationship between the slow negative cortical potentials in the frontal cortex and Fm theta oscillations.
Although we identified the source of the current that generated the oscillatory field potentials in the theta frequency range, the mechanism of rhythm generation was out of the scope of this study. Synchronized theta oscillations in areas 9 and 32 may be driven by a common rhythm generator in another place. Areas 9 and 32 are anatomically connected with various structures including the caudate nucleus, hippocampal/parahippocampal regions, thalamic dorsomedial and ventral anterior nuclei, and hypothalamus (Barbas and Blatt 1995; Barbas et al. 1991; Goldman-Rakic and Porrino 1985; Morris et al. 1999; Ray and Price 1993; Rempel-Clower and Barbas 1998; Yeterian and Pandya 1991) . These structures may be involved in the generation of theta rhythms and may play important roles in attentional processes. Because coupling in the theta-frequency range between the medial frontal cortex and hippocampus in rodents has been reported (Hyman et al. 2005; Jones and Wilson 2005b; Siapas et al. 2005; Young and McNaughton 2009) , such functional coupling may also exist in the primate. In electroencephalographic studies in human subjects, a similar correlation of theta oscillations is reported between the frontal leads and the temporal and posterior leads during working memory tasks (Moore et al. 2006; Sarnthein et al. 1998; Sauseng et al. 2004 Sauseng et al. , 2005 Sauseng et al. , 2006 Weiss et al. 2000) , suggesting intercortical functional coupling. In addition, although we focused our analysis on oscillatory activities in the theta-frequency range, there also seems to be modulation in different frequency bands (e.g.,, alpha and beta bands in area 46v in Fig. 7) . Theta activities may be coupled with neural oscillations in different frequency bands (Canolty et al. 2006; Chrobak and Buzsaki 1998; Cohen et al. 2009; Sirota et al. 2008) . Such interaction should be further studied in the monkey.
In conclusion, this study provided empirical evidence that various kinds of attentional loads can consistently induce the same theta activity in areas 9 and 32 in the monkey, which may be regarded as a homologous model for the attention-dependent theta oscillations around the human frontal cortex, namely Fm theta oscillations. The monkey model may be useful for studying the neural mechanism for attention.
